The challenge for new biosensors is to achieve detection of biomolecules at low concentrations, which is useful for early-stage disease detection. Nanomechanical biosensors are promising in medical diagnostic applications. For nanomechanical biosensing at low concentrations, a suffi cient resonator device surface area is necessary for molecules to bind to. Here we present a low-concentration (500 aM sensitivity) DNA sensor, which uses a novel nanomechanical resonator with ordered vertical nanowire arrays on top of a Si / SiO 2 bilayer thin membrane. The high sensitivity is achieved by the strongly enhanced total surface area-to-volume ratio of the resonator (10 8 m − 1 ) and the state-of-the-art mass-per-area resolution (1.8 × 10 − 12 kg m − 2 ). Moreover, the nanowire array forms a photonic crystal that shows strong light trapping and absorption over broad-band optical wavelengths, enabling high-effi ciency broad-band optothermo-mechanical remote device actuation and biosensing on a chip. This method represents a mass-based platform technology that can sense molecules at low concentrations. N anoelectromechanical systems 1,2 are enabling emerging applications in biosensing 3 -11 , due to their extraordinary sensitivities in mass changes. For mass-change-based nanomechanical biosensors, there are two important metrics 12 . Th e fi rst one is its minimum detectable mass, which is defi ned as its absolute mass sensitivity. Th e resonance frequency of a nanoelectromechanical systems resonator is a sensitive function of its total mass. By measuring the resonance frequency change of the resonator, the mass change could be detected. Achieving small detectable mass changes requires the resonator to be light and operated at a highquality factor 13 . Th e second metric is the minimum detectable mass per area, which is named as mass-per-area sensitivity and defi ned to be the minimum detectable mass divided by the surface sensing area of the device 12 . Th e mass-per-area sensitivity is useful for comparing concentration sensitivity. When a biosenor is immersed into a target solution at a certain concentration, the total mass of the biomolecules bound to the sensor surface will be proportional to its surface sensing area, at fi xed time in the linear region. For nanomechanical biosensing 14 at low concentrations, it requires not only minimum detectable mass but also large device surface area for molecules to bind to. Nanomechanical cantilevers showed singlemolecule level absolute mass sensitivity 4,12,15 -17 and the single DNA molecule was detected 17 . However, single DNA detection 17 requires high concentrations of DNA solution (10 − 9 mol l − 1 ) to get even a single DNA binding, due to the small surface area of the device. A recent report 14 , indicated that the challenge for new biosensors is to achieve low limits of concentration detection. Th erefore, achieving high concentration sensitivity of a biosensor leads to a requirement of a minimum device detectable mass per area, instead of a minimum detectable mass only.
N anoelectromechanical systems 1, 2 are enabling emerging applications in biosensing 3 -11 , due to their extraordinary sensitivities in mass changes. For mass-change-based nanomechanical biosensors, there are two important metrics 12 . Th e fi rst one is its minimum detectable mass, which is defi ned as its absolute mass sensitivity. Th e resonance frequency of a nanoelectromechanical systems resonator is a sensitive function of its total mass. By measuring the resonance frequency change of the resonator, the mass change could be detected. Achieving small detectable mass changes requires the resonator to be light and operated at a highquality factor 13 . Th e second metric is the minimum detectable mass per area, which is named as mass-per-area sensitivity and defi ned to be the minimum detectable mass divided by the surface sensing area of the device 12 . Th e mass-per-area sensitivity is useful for comparing concentration sensitivity. When a biosenor is immersed into a target solution at a certain concentration, the total mass of the biomolecules bound to the sensor surface will be proportional to its surface sensing area, at fi xed time in the linear region. For nanomechanical biosensing 14 at low concentrations, it requires not only minimum detectable mass but also large device surface area for molecules to bind to. Nanomechanical cantilevers showed singlemolecule level absolute mass sensitivity 4,12,15 -17 and the single DNA molecule was detected 17 . However, single DNA detection 17 requires high concentrations of DNA solution (10 − 9 mol l − 1 ) to get even a single DNA binding, due to the small surface area of the device. A recent report 14 , indicated that the challenge for new biosensors is to achieve low limits of concentration detection. Th erefore, achieving high concentration sensitivity of a biosensor leads to a requirement of a minimum device detectable mass per area, instead of a minimum detectable mass only.
Here we present a novel nanomechanical resonator device with ordered vertical nanowire (NW) arrays on top of a Si / SiO 2 bilayer thin membrane. Th e device shows strongly enhanced total surface area-to-volume ratio 10 8 m − 1 and the state-of-the-art mass-perarea resolution 1.8 × 10 − 12 kg m − 2 , enabling biomolecule sensing in low-concentration target solution. As an example, a label-free DNA sensor is demonstrated, showing 500 aM concentration sensitivity. Compared with previous reported label-free mechanical mass-based sensing techniques 5,7 -10,14 our NW array biosensor shows the state-of-the-art concentration sensitivity. Moreover, the NW array forms a photonic crystal that shows strong light trapping and absorption over broad-band optical wavelengths, enabling high-effi ciency opto-thermo-mechanical actuation of the resonator. Th e optical energy coupling directly into the device eliminates the need for any interconnect wires, and could enable high-effi ciency remote optically driven actuation and biosensing on a chip.
Results
Device structure and fabrication . Th e surface area-to-volume ratio of our ordered NW array resonator is extremely large (up to 10 8 m − 1 ). Th is is nearly two and three orders of magnitude larger than that of the micro-cantilever 17 and the suspended microchannel resonators 6, 12 , respectively. Th is large surface area-to-volume ratio allows highly eff ective surface-based biomolecular mass sensing, especially at low target concentrations ( Fig. 1 ) . For device fabrication, electron beam lithography was used to pattern SiO 2 nano-post arrays on a silicon-on-insulator (SOI) wafer. Si NW arrays were created by silicon reactive ion etching (RIE), using patterned SiO 2 nano-posts as the etching mask. Optical lithography was used to pattern the backside circular cavity, using backside alignment. Silicon deep RIE was used to etch through the silicon substrate using the SOI-buried oxide as the stopping layer.
Enhanced broad band light absorption for NW arrays . Th e photonic crystal NW arrays presented highly anti-refl ective optical properties (black surface, Fig. 2a ). Light incident onto the NW arrays can be absorbed and converted to heat effi ciently via photon absorption. Th is was confi rmed by the infrared camera image ( Fig. 2b ) , showing that the NW area temperature increased much faster than that for the surrounding planar Si area, when they are irradiated by a white light lamp. In the measured light absorption spectra curves ( Fig. 2c ), the NW array shows strongly enhanced light trapping and absorption effi ciency, over a broad-band wavelength of 400 -900 nm, as compared with that for the planar control Si thin fi lm. Th is is consistent with previous predictions and reports 18 -20 .
High-effi ciency opto-thermo-mechanical device actuation . Th e strong broad-band light trapping and absorption optical properties of the photonic crystal NW arrays enable the high-effi ciency optothermo-mechanical excitation for the resonator. An intensity modulated laser light ( λ = 680 nm) was focused onto the membrane ( Fig. 3a ) . Th e heating from the incident modulated light leads to bending moments in the Si / SiO 2 laminate ( Fig. 3b ) , due to the diff erences in the coeffi cient of linear thermal expansion in the two layers. Th is opto-thermo-mechanical actuation takes advantage of direct coupling of optical energy into selected device areas, eliminating the electrical interconnects required in integrated electrostatic or piezoelectric actuation and enabling high-effi ciency remote optically driven actuation for biosensing. Compared with previous planar Si nano-mechanical resonator actuation methods by local laser heating 21, 22 , our excitation technique has the following advantages. First, the excitation effi ciency of the photonic crystal NW array resonator has an enhancement factor of 5 to 30 over the measured spectral range 400 -900 nm, compared with the control planar Si thin fi lm resonator ( Supplementary Methods and Supplementary Fig. S1 ). Second, the wavelength of our driving light can be broadband, ranging from ultraviolet to near infrared. In biosensing, this broad-band excitation capability enables the protection of the biomolecules that are sensitive to high-energy photons 23 , by using low-energy photon excitation, such as near infrared range.
Th e thermo-optically excited vibration response of the laminate was measured using a PolyTec interferometer ( Fig. 3a ) with a phase-locked loop, which has a resolution of < 0.1 nm in vibration amplitude resolution. One of the mechanical modes possesses highest quality factor up to 3.2 × 10 5 , as shown by the frequency response plot in Figure 3c . Th e high quality factor of the resonator (in vacuum 0.1 mTorr) might be due to the reduced surface loss 24 and clamping loss 25 , through proper Si surface high-temperature annealing treatment processes and the induced tensile stress to the Si fi lm, respectively ( Supplementary Discussion ). Measured standing-wave vibration amplitude 2D mapping pattern of this mode was shown in Figure 3d . During mapping, the optical actuation frequency was fi xed at the resonance mode and the interferometer laser gun was controlled by a stage controller for lateral movement with sub 0.5 μ m lateral resolution. Th e measured standing-wave pattern of this mode matched well with the simulated mode pattern of the circular membrane ( Supplementary Fig. S2 ).
Th e NW array resonator detection scheme relies on the resonance frequency shift due to the mass change aft er biomolecule attachment. Th e resonance frequency, f , could be expressed as:
with resonator spring constant k , eff ective mass m eff , mass change δ m and a numerical constant α that depends on the geometric localization of the added mass ( Supplementary Methods ).
Based on equation (1) , when m eff δ m , the resonance frequency shift , δ f , could be expressed as:
where f 0 is the initial resonant frequency of the resonator. Device mass responsivity was measured by adding various known mass to the sensor, through chemisorption of thiolated single-stranded DNA molecules ( Supplementary Methods and Supplementary Fig. S3 ). Th e measured mass responsivity is (9.0 ± 0.4) Hz fg − 1 . With the experimentally determined frequency uncertainty of 1 Hz, the measured minimum absolute mass resolution of our resonator is 1.1 × 10 − 19 kg. Using the measured total surface area 6.1 × 10 − 8 m 2 of the resonator, the measured mass-per-area sensitivity is determined to be 1.8 × 10 − 12 kg m − 2 , which is around two and four orders of magnitude larger than that for the previous suspended micro-channel resonator 12 and micro-cantilever resonator 17 , respectively ( Table 1 ) . Our photonic crystal NW array resonator shows the state-of-the-art mass-per-area sensitivity, compared with other reported mechanical mass biosensors. The NW area (white) was heated up much faster than the surrounding planar Si area (grey). It might be due to the heat diffusion that the hotter area is not well square shaped as the initial shape in a . The scale bars in a and b are both 500 μ m. ( c ) Measured light absorption spectra of the membrane (300 nm Si) with NW on top (black curve), compared with that of bare planar thin Si membrane (2 μ m thick, cyan curve). For both samples, the surfaces have the same thin passivation layer Ti / Au (2 nm / 3 nm). Inset shows the schematic illumination of the enhanced light trapping mechanisms for photonic crystal Si NW arrays.
Low-concentration DNA sensor demonstration . With high massper-area sensitivity, the resonator enables high-sensitivity surfacebased detection of biomolecules at ultra-low concentrations. Th is is proved by demonstrating a low-concentration DNA sensor. For DNA detection, single-stranded probe DNA molecules with known sequence are immobilized onto the gold-coated NW surface and followed by surface passivation with mercaptohexanol 26 ( Fig. 4a ) . Although the planar gold surface is hydrophilic (52 ° contact angle), the gold-coated NW array structure is superhydrophilic (8 ° , Supplementary Fig. S4 ), which is good for solution-based biomolecule detection.
For DNA hybridization, we carried out the control experiment against a non-matching DNA sequence at 10 pM concentration fi rst and then the hybridization experiments for matching sequence at varying target DNA concentrations from 500 aM up to 10 pM. Th e resonance frequency negative shift has a well-defi ned linear relation with the target DNA concentration ( Fig. 4b ) . Th e demonstrated concentration sensitivity (500 aM) of our DNA sensor represents enhancement of one to six orders of magnitude in the detection limit, compared with the previously reported label-free DNA detection methods 17,27 -29 .
Th e reusability of our device is also demonstrated ( Fig. 4c ) . Th e resonance frequency shows negative shift (29.3 ± 2.5 Hz) aft er DNA hybridization at 500 aM target solution and the shift goes to background noise level (5.4 ± 2.0 Hz) aft er DNA dehybridization. Similar reusability demonstration was also shown with high concentration 10 pM target solution in Supplementary Figure S5 . Compared with the non-reusable device of previous multi-step chemical-amplifi ed DNA detection techniques, the reusability of our device can potentially greatly reduce the cost. In addition, cost can be further reduced by using our recently reported technique, high-throughput self-powered parallel electron lithography 30, 31 , to pattern the NW arrays, instead of using the expensive and low-throughput electron beam lithography.
Discussion
Th e mass-per-area sensitivity of mechanical resonators is critical for solution concentration detection 12 . Biosensing at low concentrations using mechanical resonators requires not only low detectable mass but also a large device surface area for molecules to bind to. Although the absolute mass sensitivity of our NW array resonator does not advance the state-of-the-art value, our sensor achieves the highest mass-per-area sensitivity among all the nanomechanical biosensors ever reported, to our best knowledge. Th is high mass-per-area sensitivity of our sensor enables biomolecule detection at low concentrations. As an example, a reusable lowconcentration DNA sensor has been realized using this photonic crystal NW array mechanical resonator. It shows 500 aM concentra- tion sensitivity. Compared with previously reported label-free massbased mechanical biosensing techniques, our NW array biosensor shows the state-of-the-art low concentration sensitivity 3,5,7 -9,14 .
A recently reported atomic force microscopy approach 32 showed attomolar DNA concentration resolution by label-free imaging of single hybridized DNA molecules, based on the stiff ness diff erences between single-and double-stranded DNA molecules. Compared with that, our method eliminates the requirement for direct contact with the molecules that might cause sample damage. Moreover, our device provides a potential way for the low-concentration detection of biomolecules that are not suitable for stiff ness-change-based probing. Moreover, the strongly enhanced light trapping and optical absorption from the photonic crystal NW arrays enables high effi ciency opto-thermal-mechanical actuation of the resonator over broad-band optical wavelengths. It takes advantage of coupling optical energy directly into the device effi ciently, eliminating any additional interconnect electrical wires and enabling remote optically driven actuation and biosensing on a chip. In biosensing, this broad-band excitation capability enables the protection of the biomolecules that are sensitive to high-energy photons, by using low-energy photon excitation, such as near-infrared range.
Another important advantage of our photonic crystal NW array mechanical-resonator detection technique is that it is compatible with multiplexed analysis using microarray platforms. Highresolution lithographic techniques are used for device fabrication and that can create a large number of nearly identical sensing elements on the same chip, which integrates well with systems. Th e high-effi ciency optical actuation and detection approach enables the rapid interrogation of array elements, allowing for multiplexed analysis. A thin layer of negative tone chemical-amplifi ed e-beam resist NEB31A was spun on top of the dry SiO 2 surface, followed by electron beam lithography (100 keV beam energy) patterning and normal NEB31A development process. Ordered SiO 2 post arrays were formed by silicon dioxide RIE, using NEB31A as the etching mask. Si NW arrays were created by Si RIE (70 sccm of BCl 3 , 2 sccm of H 2 , 20 mTorr), using SiO 2 posts array as the etching mask. Th e Si NW height could be controlled by etching time and 300 nm of planar Si under the NW arrays remained aft er etching. Th en the sample was annealed at 1,000 ° C for 30 s in vacuum, to remove the organic absorber on the Si surface and the crystal defects caused by previous Si RIE. A thin layer of Ti / Au (2 nm / 3 nm) was deposited to passivate the outer surface of the NW, by the conformal CHA evaporator at low deposition rate. In the deposition process, the surface area enhancement factor by the NW structure needs to be considered. Th en the top side was coated with a thick layer of photoresist stack (LOR ( ~ 1 μ m) / SPR 220-4.5( ~ 5 μ m)) to protect the NW arrays for following backside processes. Circular cavity was formed on the backside PECVD SiO 2 layer, using EV620 contact aligner photolithography with backside alignment and followed the SiO 2 RIE process. A layer of SiO 2 (1 μ m) was patterned to cover the whole chip top surface except the circular membrane region, with optical photolithography patterning, SiO 2 deposition and lift off . Th is SiO 2 layer was used to cover the Au surface that will not be used for DNA detection. Finally, a membrane was formed by etching through the SOI wafer Si substrate, using Si deep reactive ion etching (SF 6 ) with the PECVD back oxide as the mask and the buried oxide as an etch stop.
Methods
Optical absorption spectra measurement . Both refl ectance ( R ) spectra and transmittance ( T ) spectra measurements were conducted, using a xenon lamp combined with a monochromator. Th e absorption ( A ) spectra was calculated by A = 100 % − R − T . A small part of diff usely refl ected light was not included in the refl ection measurements, due to the experimental setup limitations. Th erefore, the absorption spectra represent an upper limit.
Opto-thermo-mechanical device actuation . Modulated laser light (680 nm wavelength) was used to actuate the membrane resonator in vacuum (0.1 mTorr). Th e vibration responses were measured using PolyTec interferometer with phaselocked loop, which has a resolution of < 0.1 nm in vibration amplitude. During standing-wave vibration amplitude 2D mapping ( Fig. 3d ) , the optical actuation frequency was fi xed at the resonance mode and the interferometer laser gun was controlled by a stage controller for lateral movement with sub 0.5 μ m lateral resolution. Based on the measured standing-wave 2D mapping pattern, the mode can be HS-(CH 2 ) 6 
Supplementary Discussion

Discussion for minimizing energy dissipation of high Q resonator
In order to achieve high quality factor ( ) of a nano-mechanical resonator, we need to minimize the total energy loss ( ). Although the source of loss for high Q nano mechanical resonator has recently been heavily studied 24, 25, [35] [36] [37] [38] [39] , the loss mechanisms in these systems are not yet completely understood. For nano-mechanical resonator systems in high vacuum, the external ambient damping loss is negligible and following three loss mechanisms are important: surface loss ( ), clamping loss ( ) and internal thermoelastic damping dissipation ( ).
(S1)
Surface loss accounts for the surface-related energy loss of the resonator during oscillation, such as surface defect scattering. Previous reports [34] [35] [36] showed that improvements in quality factor of nano-mechanical resonators can be achieved by chemical surface treatments 35 , as well as high temperature annealing steps 24, 36 . These treatments are thought to help reduce surface-related losses, such as surface defect scattering. These types of devices made from single crystal silicon have shown quality factors around 10 6 at room temperature 36 .
The clamping loss indicates the transmission of energy from a resonator to its supporting anchor substrate. For a cantilever beam of infinite width attached to a semi-infinite medium, the clamping loss is estimated by 37 :
where and are the thickness and length of the cantilever respectively, is the Young's modulus of the cantilever and is the Young's modulus of the medium.
Moreover, the clamping loss is likely to be modified intentionally by adding external tensile stress to the doubly clamped nano-mechanical beam resonators. Moreover, it is also proved 25, 38 that added tension can be used as a general, material-independent route to increased quality factor, through reducing the clamping loss.
Intrinsic thermo-elastic damping explains the energy dissipation associated with thermal loss due to the stretching and compression of portions in the resonator during oscillation.
The thermo-elastic damping can be expressed by equation 39 :
where is specific heat per unit volume, is Young's modulus, is the coefficient of linear expansion, is resonator thickness, is density, is specific heat per unit mass, and is thermal conductivity.
Our resonator shows high quality factor (Q ~ 3.2x10 5 ), which might be due to the low surface loss and the clamping loss. Firstly, in our circular membrane resonator fabrication processes, high temperature annealing (1000 o C for 30 seconds in vacuum) treatment was used to remove the organic absorber on the Si surface and the crystal defects caused by 9 previous Si RIE etching. This might help to reduce the Si surface loss, enabling high quality factor of the resonator. Secondly, based on supplementary equation (S2), the clamping loss of our resonator is low due to high value of the membrane. Moreover, our membrane resonator has sandwich structure, and both outside layers showed high compressive stresses. Therefore, the middle Si layer will receive a strong tensile stress from both side thin film layers. According to previous reports 25, 38 , the induced tensile stress to the Si layer might reduce the clamping loss, contributing to the high quality factor of the resonator.
Supplementary Methods
Theoretical analysis for resonator mass response
The dynamics of a flexural mode nano-mechanical resonator can be modelled as a simple damped harmonic oscillator. The potential energy and kinetic energy can be expressed as:
,
Here is the effective displacement of the resonator, is the stiffness coefficient, and is the effective mass. Then the resonance frequency is:
For an ideal planar circular membrane with radius , thickness , mass density , the displacement at a point on the membrane can be expressed as:
where is the mode shape and can be obtained from Bessel's function 40, 41 :
The kinetic energy of the membrane vibration can be expressed as:
By comparing supplementary equation (S9) with supplementary equation (S5), the effective mass of the membrane will be:
(S10)
When a mass change is added to the resonator, the resonance frequency will be:
where is a numerical constant that depends on the geometric localization of the added mass.
Opto-thermo-mechanical actuation efficiency analysis and comparison
The final opto-thermo-mechanical actuation efficiency should be a combination of optothermo efficiency and thermal-mechanical efficiency :
(S12)
The thermal-mechanical efficiency depends on the strain and temperature distributions in the resonator. Here, we assume that we have the same thermal-mechanical efficiency.
Therefore, the final actuation efficiency only depends on the opto-thermal efficiency. For laser heating actuation, light incident onto the resonator is absorbed and converted to heat via photon absorption. The opto-thermo efficiency is related to the light absorption efficiency of the device.
(S13)
Therefore, we could calculate the efficiency enhancement factor for our device, compared with the planar Si membrane devices.
(S14)
where is the wavelength of the driving light.
